We have identified 5 molecularly and clinically relevant subtypes of the CpG island methylator phenotype (CIMP) in colorectal cancer. We show that CIMP-high cancers segregate into distinct subgroups, which display different frequencies of BRAF and KRAS mutation. These CIMP subtypes are associated with important clinical and molecular features, are correlated with mutations in different epigenetic regulator genes, and show a marked relationship with patient age.
C olorectal cancer is a heterogeneous disease characterized by distinct genetic and epigenetic changes that drive proliferative activity and inhibit apoptosis. The conventional pathway to colorectal cancer is distinguished by APC mutation and chromosomal instability, and accounts for approximately 75% of sporadic cancers. 1, 2 The remaining colorectal cancers arise from serrated polyps and have activating mutations in the BRAF proto-oncogene, frequent microsatellite instability (MSI), and the CpG island methylator phenotype (CIMP). 2, 3 The development of CIMP is critical in the progression of serrated neoplasia. 3 It is well established that CIMP can result in the silencing of key genes important for tumor progression, including the tumor-suppressor gene CDKN2A and the DNA mismatch repair gene MLH1. 4, 5 Gene silencing mediated by MLH1 promoter hypermethylation impairs mismatch repair function, which leads to MSI. 5 CIMP can be detected using a standardized marker panel to stratify tumors as CIMP-high, CIMP-low, or CIMP-negative. 3 Activation of the mitogen-activated protein kinase signaling pathway as a result of the BRAF mutation is associated highly with CIMP-high. CIMP-high cancers frequently arise proximal to the splenic flexure and are more common in elderly female patients, 2, 3 whereas CIMP-low cancers have been associated with KRAS mutation. 6, 7 More recently, consensus molecular subtyping (CMS) was proposed for classifying colorectal cancers based on transcriptional signatures. Guinney et al 8 identified 4 major molecular subtypes (CMS1-CMS4). CMS1, or MSI immune subtype, is characterized by MSI, BRAF mutation, and enhanced immunogenicity. CMS2 can be distinguished by chromosomal instability and WNT pathway perturbations. CMS3, or metabolic subtype, is characterized by KRAS mutation, CIMP-low status, and infrequent copy number alterations. CMS4, or mesenchymal subtype, shows high copy number aberrations, activation of the transforming growth factor-b signaling cascade, stromal infiltration, and the worst overall survival. The relationship between CIMP and CMS subtypes is currently unclear.
Methylation is not a phenomenon distinct to neoplasia. Changes in the epigenome also occur with age and in response to environmental factors. 9 , 10 We previously showed that the promoter region of certain genes becomes increasingly methylated in normal colonic mucosa with age. 9 CIMP-high cancers are identified primarily in older patients, 2 hence, age-related hypermethylation might prime the intestinal epigenome for serrated neoplasia-type colorectal cancers. Methylation also is critical in the progression of serrated pathway precursors to invasive cancer, primarily through methylation of MLH1 at the transition to dysplasia. 11, 12 Thus, the natural history of the cancer within the colorectum may dictate the methylation profile of the cancer once malignancy develops.
DNA methylation alone can be insufficient to induce transcriptional repression. 13 Gene repression also is associated with repressive histone marks such as the H3K27me3 mark, 14 which is catalyzed by the polycomb-repressor-complex 2. Modification of histone tails is catalyzed by a series of enzymes including epigenetic readers, which scan for histone modifications; writers, which effect the addition of a modification; and erasers, which are responsible for the removal of histone marks. Mutations in genes encoding epigenetic enzymes have been shown to occur frequently in cancer. 15 Although DNA methylation is associated classically with gene silencing, the relationship between DNA methylation and histone modifications has not been fully elucidated, and the role of somatic mutations in enzymes that catalyze these epigenetic processes has not been examined comprehensively.
In this study, we define the extent and spectrum of DNA methylation changes occurring in colorectal cancers and relate this to key clinical and molecular events characteristic of defined pathways of tumor progression. We investigate the role of DNA methylation in the modulation of gene transcription, and assess mutation of genes encoding epigenetic regulatory proteins.
Results

Clinical and Molecular Features of the Consecutive Cohort in Comparison With the Cancer Genome Atlas Cohort
Genome-wide DNA methylation levels were assessed in 216 unselected colorectal cancers ( Table 1 ). The mean age of patients at surgery was 67.9 years. Twenty-nine of 216 (13.4%) cancers had a BRAF V600E mutation, and 75 of 216 (34.7%) cancers were mutated at KRAS codons 12 or 13. Mutation of BRAF and KRAS were mutually exclusive. Patients with BRAF mutated cancers were significantly older than patients with BRAF wild-type cancers (mean age, 74.9 vs 66.9 y; P ¼ .01). TP53 was mutated in 78 of 185 (42.2%) cancers. MSI was associated significantly with BRAF mutation (18 of 29 BRAF mutant vs 9 of 187 BRAF wild-type cancers; P < .0001). By using the Weisenberger et al 3 panel to determine CIMP status, 24 of 216 (11.1%) were CIMP-high, 44 of 216 (20.4%) were CIMP-low, and 148 of 216 (68.5%) were CIMP-negative. CIMP-high was associated significantly with BRAF mutation compared with BRAF wild-type cancers (19 of 29 vs 5 of 186; P < .0001). CIMPlow was associated significantly with KRAS mutation compared with KRAS wild-type cancers (26 of 75 [34. 6%] vs 18 of 141 [12. 8%]; P < .001).
We collected a subset of 32 matched noncancerous mucosal samples from patients in the consecutive cohort. The mean age of patients within the cohort of matched normal samples was 68.9, and was not significantly different than the mean age of patients in the wider cohort (P ¼ .71).
Methylation-Based Clustering Shows 5 Subtypes of Colorectal Cancer With Distinct Clinical and Molecular Features
We examined the extent and spectrum of DNA methylation changes in these 216 colorectal cancers using Illumina HumanMethylation450 BeadChip arrays (Illumina Inc, San Diego, CA). Five clusters were identified by recursively partitioned mixed model (RPMM) clustering ( Figure 1 ). These included 2 clusters with high levels of methylation that we have designated CIMP-H1 and CIMP-H2; 2 clusters with intermediate levels of methylation, CIMP-L1 and CIMP-L2; and a single cluster with low levels of methylation, CIMP-neg. There was a significant stepwise increase in age between clusters concordant with increasing genomic methylation (CIMP-neg, 61.9 y; CIMP-L2, 66.8 y; CIMP-L1, 70.1 y; CIMP-H2, 73.4 y; and CIMP-H1, 75.2 y; P < .0001) ( Table 1) . The CIMP-H1 subgroup comprised 23 of all 216 (10.6%) cancers and was enriched for female patients (18 of 23, 78.3%; P < .0001) and for tumors located proximal to the splenic flexure (19 of 23, 82.6%; P < .0001). We observed no differences in cancer stage at diagnosis and methylation cluster. The CIMP-H1 cluster was strikingly enriched for cancers with features characteristic of serrated neoplasia, including BRAF mutation (17 of 23, 73.9%; P < .0001), CIMP-H status was determined using the Weisenberger et al 3 marker panel (16 of 23, 69.6%; P < .0001), MSI (11 of 23, 47.8%; P < .0001), and consensus molecular subtype CMS1 (16 of 23, 69.6%; P < .0001) (Table 1, Figure 1 ). TP53 was mutated in 12 of 21 (57.1%) CIMP-H1 cluster cancers.
CIMP-H2 cluster cancers also frequently arose in the proximal colon (consecutive cohort, 13 of 22; 59.1%). CIMP-H2 cancers were KRAS mutant more often than CIMP-H1 cancers (54.5% vs 17.4%), and were less often TP53 mutant when compared with the rest of the cohort (28.6%). The incidence of MSI within these cancers was low (4.8%). The frequency of the metabolic CMS3 subtype was higher than in the other CIMP subtypes (54.5%). CIMP-H2 cancers were significantly less likely to be identified as CIMP-high using the Weisenberger et al 3 MethyLight
panel when compared with CIMP-H1 cancers (13.6% vs 69.6%; P < .001). CIMP-L1 cancers were significantly enriched for KRAS mutation (65.4%; P < .0001), and were identified equally in the distal and proximal colon. These cancers were rarely MSI (15.4%), and were often the CMS3 (40.4%) or CMS4 (30.8%) subtype. CIMP-L2 cancers mutate KRAS with relative infrequency when compared with CIMP-H2 and CIMP-L1 cancers (28.8%), and are significantly enriched for distal colonic and rectal locations (50% and 26.6%, for distal and rectal locations, respectively; P < .0001). The proportion of CMS2 cancers was significantly higher in CIMP-L2 cancers when compared with CIMP-H1, CIMP-H2, and CIMP-L1 cancers (P < .001). The frequency of distal colonic location was the highest among CIMP-neg cancers (62.3%) and were identified in patients with the youngest mean age (61.9 y). We did not identify a BRAF mutation in any CIMP-neg cancers. CMS2 and CMS4 were the most frequent CMS subtypes in CIMP-neg cancers (45.3% and 39.6%, respectively). The proportion of CMS4 was highest in CIMP-neg cancers when compared with other subtypes (P < .001).
We sequenced hotspots on exons 11 and 15 of BRAF, codon 61 in KRAS, and exon 18 in EGFR in CIMP-H1/H2 cancers that were wild-type at BRAF V600E and KRAS codons 12 and 13, however, we did not identify any mutations in these regions.
Validation of the Association Between CIMP Subtype and Clinical and Molecular Features in The Cancer Genome Atlas DNA methylation was previously measured using the HumanMethylation 450 array in 392 colorectal cancers from The Cancer Genome Atlas (TCGA) project. 16 We Figure 1 . Methylation heatmap of unselected 216 colorectal cancers using the 5000 most variable b values in CpG sites that were not hypermethylated in normal mucosal tissue. Clustering was performed using the RPMM R package. Clustering showed 5 distinct clusters, termed CIMP-H1, CIMP-H2, CIMP-L1, CIMP-L2, and CIMP-Neg. This was faithfully recapitulated in TCGA.
observed several differences in the TCGA cohort when compared with the consecutive Royal Brisbane and Women's Hospital (RBWH) cohort. The mean age of patients at the time of diagnosis was significantly lower in the TCGA cohort when compared with the consecutive cohort (64.5 vs 67.9; P < .01). Male sex was slightly over-represented (199 of 373; 53.4%). The distribution of cancers throughout the colon was significantly different in the TCGA cohort. Cancers in the TCGA were significantly enriched for proximal location in comparison with the RBWH cohort (47.0% vs 35.2%; P < .01), and less likely to be located in the distal colon (40.3% vs 45.1%; P < .01) or rectum (12.7% vs 19.7%; P < .01). There were many similarities between the TCGA and RBWH cohorts. The frequency of BRAF mutations was 9.4%, and was not significantly different from the proportion observed in the RBWH cohort. Likewise, there was no significant difference in the frequency of KRAS mutations between the cohorts (40.1% vs 34.7%, for TCGA and RBWH cohorts, respectively). The proportion of microsatellite unstable cancers was not significantly different between the 2 cohorts (15.9% vs 12%; P ¼ .1).
Despite underlying differences in the clinical and molecular features of the cohorts, unsupervised clustering using the same methods as was used in the RBWH cohorts also resulted in the 5 distinct CIMP clusters identified in the TCGA series (Table 2, Figure 1 ). There was a similar, striking association between CIMP subtype and biological age (P < .0001). In keeping with the RBWH cohort, increasing CIMP in the TCGA cohort was associated with proximal colonic location (P < .0001), and was correlated inversely with distal and rectal locations (P < .0001 and P < .05, for distal and rectal locations, respectively). The distribution of KRAS mutations in CIMP subtypes followed a similar bell-shaped distribution, and were most common in CIMP-L1 cancers (48 of 81; 59.3%), and least common in CIMP-H1 (5 of 22; 26.3%) and CIMP-negative cancers (21 of 102; 20.6%). Notably, KRAS mutation was more common in CIMP-H2 cancers when compared with CIMP-H1 cancers in the TCGA cohort (43.6% vs 26.3%).
In both cohorts, CMS2 cancers were most frequent in CIMP-L2 (TCGA, 45 We identified differentially methylated probes in each cluster compared with 32 normal mucosal samples that matched a subset of cancers in the unselected series (Table 3 ). In all 4 CIMP clusters (CIMP-H1, -H2, -L1, and -L2), the number of differentially hypermethylated CpG sites greatly exceeded those that were hypomethylated (Table 3) . By contrast, in the single CIMP-negative cluster, hypomethylation was more common than hypermethylation. Probe hypermethylation was most frequent in the CIMP-H1 cluster, including 21,168 hypermethylated probes occurring within 5165 unique CpG islands. Of these, 4333 also were hypermethylated in CIMP-H2, whereas 832 were uniquely hypermethylated in CIMP-H1. An additional 523 CpG islands were uniquely hypermethylated in the CIMP-H2 cluster relative to CIMP-H1. The highest number of hypomethylation events was seen in the CIMP-H2 cluster compared with all other clusters (P < .0001), with the majority occurring in open sea regions of the genome.
Next, we examined the impact of our chosen b value change threshold on the number of differential methylation events we were able to detect. Shifting the b value change threshold to 0.3 substantially reduced the number of differentially methylated probes identified (to 47.1%, 47.8%, 24.9%, 13.4%, and 5.8% of the probes identified at 0.2 for CIMP-H1 to CIMP-neg, respectively). When we increased the threshold to 0.4 we saw a similar, and more drastic, reduction in our ability to identify differentially methylated probes (DMPs) (18.9%, 19.5%, 4.1%, 1.2%, 0.3% of probes identified at 0.2 for CIMP-H1 to CIMP-Neg, respectively). There was a significant relationship between CIMP subtype and the magnitude of the DMPs identified (P < .0001).
We compared the probes that were differentially hypermethylated (vs normal mucosa) in the RBWH cohort with those differentially hypermethylated in the TCGA cohort. There was a remarkable degree of overlap in differentially methylated loci. In CIMP-H1, 80.2% of differentially hypermethylated loci were detected in both the RBWH and TCGA cohorts. Of the remaining 7481 probes, 6009 were detected solely in the TCGA and 1472 in the RBWH cohorts. We hypothesized that the b cut-off value (>0.2 mean b value difference vs normal) may have resulted in the filtering of many of the probes that were detected in 1 cohort only. Indeed, of the 7481 DMPs detected in 1 cohort only, the methylation level of 98.5% was statistically significantly different from normal colonic mucosa in the other cohort, but were filtered as a result of the difference in the b cut-off value. This was consistent across all CIMP subtypes.
The events that were recognized in 2 independent cohorts are likely to be bona fide differential methylation events. These data indicated that the selection of an appropriate difference in the b cut-off value is critical and that applying stringent cut-off values may significantly increase the type II error rate when reporting differentially methylated events.
CIMP Subtypes Are Associated With Different Stromal Immune Cell Composition
We hypothesized that CIMP subtypes may differ in their stromal cell type composition. We used CIBERSORT to deconvolute the relative composition of immune cells in the tumor microenvironment. 17 CIMP-H1 cancers were enriched for M1 macrophages in comparison with all other CIMP subtypes, with the exception of CIMP-L2 cancers (P < .01 vs CIMP-H2, P ¼ .02 vs CIMP-L1, and P ¼ .01 vs CIMPneg). CIMP-H2 cancers were enriched for resting CD4 T memory cells (P < .01), and were depleted for M1 macrophages (P ¼ .01). Mast cells were associated inversely with DNA methylation subtype, with mast cells contributing least to the immune microenvironment in CIMP-H1 cancers and increasing in a stepwise manner from CIMP-H1 to CIMP-neg (P ¼ .01). Conversely, natural killer cells were associated NOTE. Cancers were stratified for CIMP clustering. Differential methylation was deemed as an absolute b value change of more than 0.2 and an FDR corrected P value less than .01 compared with 32 normal colorectal mucosal samples. þ, differential hypermethylation; -, differential hypomethylation.
with CIMP-H cancers (analysis of variance, P < .05), but did not differ between CIMP-H1 and CIMP-H2.
CIMP-H1 and CIMP-H2 Cancers Can Be Delineated by Expression Profiles
To examine the extent to which CIMP-H1 and CIMP-H2 are transcriptionally distinct, we analyzed differential expression for each cluster with respect to normal mucosa using Illumina HT-12 expression arrays. We then performed single-sample gene set enrichment analysis 18 to evaluate enrichments in the Hallmark gene set 19 in individual samples (false-discovery rate [FDR] corrected, P < .05). We identified 10 gene sets significantly enriched in CIMP-H1 cancers, 7 of which were related to the immune response ( Figure 2 ). The bile acid metabolism gene set was significantly enriched in CIMP-H2 cancers. In TCGA we did not identify any significant differences in immune response or bile acid metabolism. This may be owing to the increased frequency of BRAF mutant MSI cancers in CIMP-H2 cancers in TCGA.
Relationship Between Promoter Hypermethylation and Gene Transcriptional Activity
To determine the frequency of which DNA hypermethylation in promoter regions controls transcription of downstream genes, we examined the transcript levels for genes where the promoter was hypermethylated relative normal mucosa. Although promoter methylation was most common in CIMP-H1 and CIMP-H2 clusters ( Figure 3A ), these subgroups had the lowest proportion of genes in which hypermethylation correlated with reduced transcript expression (13.9% and 15.6%, respectively). This inverse relationship continued for CIMP-L1 (18.9%), CIMP-L2 (19.9%), and with the CIMP-negative cancers, with reduced transcription in 22.7% of hypermethylated promoters (P < .0001) ( Figure 3B ). We observed a similar relationship between gene transcription and promoter methylation in cancers in TCGA. In TCGA, the proportion of methylated genes that resulted in gene transcription repression did not differ between CIMP subtypes.
We considered that loci that were methylated and repressed in multiple CIMP clusters may be genes that are important for cancer development. Strikingly, of the 1273 genes that were methylated and repressed in at least 1 CIMP cluster, 82.3% were methylated and repressed in 2 or more CIMP clusters, 16.9% silenced in 3 or more CIMP subtypes, and 8.0% in all 4 CIMP subtypes (excluding CIMP-negative). We identified 21 tumor-suppressor genes, as per the Network of Cancer Genes (NCG)6.0 database, that were recurrently methylated and silenced in 3 or more CIMP subtypes (Table 4) . 
Polycomb-Repressive Complex 2 Occupancy at Hypermethylated CpGs Is Correlated Inversely With Global Hypermethylation
Supressor Of Zeste 12 (SUZ12) occupancy is a surrogate for polycomb-repressor complex 2 occupancy and in embryonic stem cells this has been shown to associate with transcriptional repression of hypermethylated loci. 6, 20 Consistent with this, we observed an increase in the number of methylated CpG sites that overlap with SUZ12-occupied regions with increasing CIMP cluster (P < .0001) ( Figure 4A ). Conversely, and in keeping with our findings with promoter methylation, an inverse association between the proportion of hypermethylated loci genes that overlapped with SUZ12-occupied sites with increasing CIMP cluster was observed (P < .0001) ( Figure 4B ). This further supports our finding that although DNA hypermethylation occurs more frequently with increasing CIMP cluster, these methylation events are more likely to result in gene silencing in CIMP-negative cancers.
CIMP-H1 and CIMP-H2 Promoter Methylation Is Defined by the Enrichment of Distinct Transcription Factor Binding Sites
Transcription factor binding sites often contain CpG sequences and therefore are a target of DNA methylation, which may explain some of the effects of methylation on transcription. To explore whether DNA methylation is targeted to specific transcription factor binding sites we performed an enrichment analysis using the CentriMo 21 tool to examine the 2-kb region immediately upstream of hypermethylated genes. There were 128 significantly enriched binding sites that overlapped in CIMP-H1 and CIMP-H2 cancers. An additional 323 sites were uniquely enriched in CIMP-H1 cancers and an additional 330 sites in CIMP-H2 cancers. SMAD4 and FOXP3 (adjusted P values ¼ 1. , and 3.5 Â 10 -16 , respectively) were most significantly enriched in CIMP-H2 cancers. Table 5 presents the top 10 enriched consensus binding sites that were exclusive to CIMP-H1 and CIMP-H2.
Gene Bodies of Wnt Pathway Antagonists Are Resistant to Methylation
We further explored gene bodies that were unmethylated but had more than 10 CpG island probes, and performed pathway analysis to identify pathways that were devoid of gene body methylation. There were 6 pathways that were significantly enriched among these genes, including the WNT signaling pathway ( Figure 5 ). The WNT signaling pathway was most heavily enriched. PCDHA6, PCDHGA2, PCDHA7, and PCDHA2 contained 36, 15, 10, and 20 gene body CpG island probes, respectively, which were all unmethylated. These protocadherins have been implicated in the regulation of the WNT signal and may act as a tumor-suppressor gene. Likewise, AXIN1, a gene critical to the b-catenin destruction complex, contained 11 unmethylated intragenic CpG Island (CGI) probes. TCF3, a WNT pathway repressor, contained 19 unmethylated intragenic CGI probes. We considered whether gene body methylation within WNT antagonists could alter gene transcription, however, we did not observe any differences in expression profiles of these genes vs normal mucosa tissue, and they were not expressed in normal mucosa tissue. In the remaining WNT genes we did not identify any consistent expression changes.
Oncogenes Are Significantly More Likely Than Tumor-Suppressor Genes to Undergo Gene Body Methylation in CIMP-H1 and CIMP-H2 Cancers
Gene body methylation is correlated positively with gene expression. 22 We examined hypermethylation in gene body CpG islands, defined as a minimum of 2 probes in the CpG island as hypermethylated relative to normal (P < .01) and there was a mean absolute difference in b values vs normal of greater than 0.2 to evaluate whether gene body methylation was a phenomena enriched in oncogenes of CIMP-H-type cancers, or was driven more nonspecifically by CIMP itself. In total, 239 genes were annotated as known oncogenes, and 239 as known tumor-suppressor genes in the NCG6.0 cancer gene database. 23 Of these, 121 tumor suppressors and 116 oncogenes had a CpG island within the gene body that was probed on the array. In CIMP-H1 cancers, 21.5% (20.2% in TCGA) of oncogenes had significant gene body methylation in reference to normal, by comparison, significantly fewer tumor-suppressor genes underwent gene body methylation (12.4% in the RBWH cohort, P < .05; 8.1% in TCGA; P < .001). Likewise, gene body methylation was significantly more likely to occur in oncogenes than tumor-suppressor genes in CIMP-H2 cancers (23.3% vs 11.6%; P ¼ .01). The gene expression of 5 oncogenes in CIMP-H1 and CIMP-H2 differed significantly from normal mucosa (FEV, BCL2, and KIT were down-regulated and PAX3 and SND1 were up-regulated in CIMP-H1; LMO2 and CTNND2 were down-regulated and SND1, CNTTA2, and TLX1 were up-regulated in CIMP-H2). Table 6 presents the oncogenes that had significantly higher gene body methylation in CIMP-H1 and CIMP-H2 cancers compared with normal colonic mucosa.
Loci Marked by the PRC2 Complex in Human Embryonic Stem Cells Are Prone to Gene Body Methylation During Cancer Development
Polycomb Repressive Complex-2 (PRC2) marking in human embryonic stem cells has been shown previously to overlap significantly with promoter hypermethylation in colorectal cancers. 6 We hypothesized that a similar phenomenon would occur with regard to gene body hypermethylation. In CIMP-H1 and CIMP-H2 cancers, 30.59% and 31.04%, respectively, of loci marked with H3K27me3 in human embryonic stem cells developed significant gene body hypermethylation (Table 7 ) (P ¼ 1.34 Â 10 -280 for CIMP-H1 and P ¼ 2.5 Â 10 -300 for CIMP-H2 overlap). We observed a lesser, but still highly significant, overlap between H3K27me3 marked loci and gene body methylation in CIMP-L1 (13.1%; P ¼ 6.11 Â 10 -122 ) and CIMP-L2 (8.5%; P ¼ 1.6 Â 10 -78 ) cancers, but did not observe any correlation in CIMP-neg cancers, which likely is owing to the scarcity of which gene body methylation occurs in these cancers. We observed similar overlaps for embryonic ectoderm development (EED) targets, SUZ12 targets, and PRC2 targets.
Epigenetic Regulator Gene Mutations Are Common in TCGA Cancers
Mutations in epigenetic modifier genes have been shown previously to modulate transcriptional profiles in cancer. 15 We assessed the mutational frequency of 719 epigenetic regulator genes in cancers from the TCGA colon adenocarcinoma and rectal adenocarcinoma projects using the CIMP subtypes identified earlier. For these analyses we included only mutations that were truncating in nature (nonsense or indels), were predicted to alter splicing, or were predicted to have a deleterious effect by PolyPhen. 24 Overall, 92.8% of cancers had a deleterious mutation in an epigenetic regulator gene (347 of 374). There were 94.7% and 100% of CIMP-H1 and CIMP-H2 cancers that had at least 1 mutation in an epigenetic regulator. The proportion of CIMP-L1, CIMP-L2, and CIMP-negative cancers with deleterious mutations in these genes was slightly lower (93.8%, 89.5%, and 93.1%, respectively), however, these proportions were not significantly different from CIMP-H1 or CIMP-H2. Of the 719 genes we investigated, 95.7% were mutated in at least 1 cancer (688 of 719). NOTE. The overlap fraction represents the gene bodies that are methylated (k) divided by the number of genes marked by each respective mark in hES cells (K) (k/K). The FDR corrected P value was obtained through modeling a hypergeometric distribution (k-1, K, N-K, n; where k is the number of genes methylated in each cluster; K is the number of genes in the gene set; N is the number of genes in the human genome; and n is the number of genes in the query set) using the compute overlaps tool on the Gene Set Enrichment Analysis (GSEA) web portal using the Benporath gene sets, which were obtained though ChIP-on a Chip analysis of human embryonic stem cells. Figure 6 . High-impact mutations in epigenetic regulator genes are frequent in cancers with higher genomic methylation. Del, deletion; Ins, insertion. Figure 6 shows the most commonly mutated epigenetic regulators in each cluster. Mutations were least common in cancers classified as CIMP-neg, with increasing global methylation being associated with a concordant increase in epigenetic mutational load. However, when we examined epigenetic mutation frequency in relation to microsatellite instability, there was no significant relationship between CIMP cluster and epigenetic mutation frequency, indicating that the differences observed between CIMP clusters may be driven by the increasing frequency of microsatellite instability in CIMP clusters with higher genomic methylation.
CIMP-H1 and H2 Subtypes Have Similar Mutational Patterns in Epigenetic Regulator Genes
We examined the top 25 mutated epigenetic regulator genes in CIMP-H1 and CIMP-H2 to identify mutational targets that are common to CIMP-H and those that are exclusive to either the CIMP-H1 or CIMP-H2 subtypes. This was not influenced by MSI, which was equally represented in these cancer subtypes (53% CIMP-H1, 50% CIMP-H2). A total of 31.6% of these genes were identifiable in the top 25 epigenetic mutational targets in both CIMP-H1 and CIMP-H2. Such genes included 4 histone lysine methyltransferases (SETD1B, KMT2A, KMT2B, and KMT2D), the SWItch/Sucrose Non-Fermentable (SWI/SNF) complex member ARID1A, and the chromohelicase domain gene CHD7. Thirteen genes were identified in the top 25 mutated epigenetic regulators in CIMP-H1, but not CIMP-H2, these included the DNA demethylases TET1 (mutated in 15.8% of CIMP-H1 cancers vs 10.3% of CIMP-H2 cancers) and TET3 (mutated in 26.3% of CIMP-H1 cancers vs 10.3% of CIMP-H2 cancers). Mutations in histone lysine demethylase KDM2B were enriched in CIMP-H1 cancers (mutated in 36.8% of CIMP-H1 cancers vs 7.7% of CIMP-H2 cancers; P ¼ .01).
In contrast, 13 genes were found in the top 25 mutated epigenetic regulators of CIMP-H2 but not CIMP-H1. The NCOR1 transcription factor was mutated in 20.5% of CIMP-H2 cancers compared with 5.3% of CIMP-H1 cancers, and the cohesin complex subunit NIPBL in 15.4% of CIMP-H2 cancers, despite not being identified as mutated in any CIMP-H1 cancer.
Epigenetic Regulator Gene Mutation Exclusivity Supports the Dichotomization of CIMP-L Clusters
We used a similar approach (top 25 epigenetic gene mutations) to investigate whether CIMP-L1 and CIMP-L2 subtype cancers also target similar epigenetic regulators for somatic mutation. Here, 11 epigenetic regulator genes were commonly mutated in both CIMP-L1 and CIMP-L2. The histone lysine methyltransferases KMT2B and KMT2C were among the top 25 mutated epigenetic regulators in both CIMP-L1 and CIMP-L2, however, the frequency of mutation in both KMT2B and KMT2C was lower in CIMP-L2 cancers (KMT2B CIMP-L1, 11.8%; CIMP-L2, 5.7%; KMT2C CIMP-L1, 10.5%; and CIMP-L2, 6.5%), but this was not statistically significant. There was a nonsignificant trend (P ¼ .06) for increased ASH1L mutation in CIMP-L1 cancers (13.2%) vs CIMP-L2 cancers (4.9%). Fourteen genes were in the top 25 mutated epigenetic regulators of CIMP-L1 or CIMP-L2 alone. SETD1B, a histone lysine methyltransferase identified as a commonly mutated gene in CIMP-H cancers was mutated in 6 CIMP-L1 cancers, but was only mutated in a single CIMP-L2 cancer (P < .01). Likewise, we identified recurrent ARID1A mutations in CIMP-L1 (9.2%), however, we identified significantly fewer in CIMP-L2 cancers (1.6%; P < .01). 
The SWI/SNF Complex Is a Commonly Aberrantly Mutated Chromatin Remodeling Complex in CIMP-H1, CIMP-H2, and CIMP-L1 Cancers
Next, we examined the SWI/SNF complex (MARCA2, ARID1A, ARID1B, ARID2, PBRM1, SMARCB1, and SMARCA4) for high-impact somatic mutations. Mutations in any of the SWI/SNF subunits occurred in 19.06% of cancers. An ARID1A mutation was the most frequent genetic alteration of the complex (6.7%). We observed a number of recurrently mutated positions in ARID1A, including 6 frameshift deletions at codon 2141, 4 deletions at codon 1850, and 3 deletions at codon 1072 ( Figure 7) . ARID2 was mutated in 6% of cancers, but unlike ARID1A we did not identify any recurrently mutated positions. The distribution of the mutations between CIMP subtypes was significantly skewed toward subtypes with higher overall methylation (P < .0001). SWI/SNF mutations were observed in 50% of CIMP-H1 cancers, and 38.5% of CIMP-H2 cancers. A total of 26.3% of CIMP-L1 samples mutated a SWI/SNF member, and in contrast to CIMP-H1 and CIMP-H2, the most frequently mutated member of the complex was SMARCA4 (11%). The R885C mutation was observed in 3 cancers in CIMP-L1. Mutations in SWI/SNF subunits were similarly infrequent and significantly less prevalent in CIMP-L1 and CIMP-neg (10.6% and 11.6%, respectively; P < .0001).
Synthetic lethality in the SWI/SNF complex was established previously. 25 CIMP-H1, CIMP-H2, and CIMP-L1 cancers may be more vulnerable to treatments targeting the other element of the SWI/SNF complex. To test whether 1 SWI/SNF mutation confers dependency on other SWI/SNF subunits in vitro, we correlated exome capture data from 15 cell lines 26 with cell line-dependency data from Meyers et al. 27 Five cell lines had an ARID1A truncating mutation and these were significantly more dependent on ARID1B expression for survival (0.31 vs 0.06; P < .05).
The Frequency of Genetic Perturbation of Chromodomain Helicase DNA Binding Genes Is Associated With DNA Methylation CHD genes are members of another chromatin remodeling family. High-impact CHD family gene mutations were present in 22.4% of colorectal cancers in the TCGA. CHD mutations were markedly more common in CIMP-H1 and CIMP-H2 cancers. Family members were mutated in 50% and 51.3% of CIMP-H1 and CIMP-H2 cancers, respectively. CHD7 was the most frequently altered gene in CIMP-H1 (33% of cancers), and CHD8 in CIMP-L2 (22%). CHD mutations were less common, but still frequent, in CIMP-L1 cancers (19.7%). In these cancers, CHD4 was the most commonly mutated gene (8%). The frequency of CHD mutations continued to decline as concordant with DNA methylation. The frequency of CHD mutations in CIMP-L2 was 11.7%, and was lower than the frequency observed in CIMP-neg cancers (15%).
We examined the CHD genes for recurrently mutated positions. At the CHD7 locus, which was mutated in 5.5% of cancers, we observed 5 frameshift deletions (D2988fs del 3) at the 3' end of the gene. This mutation has been observed in a number of colorectal cancer cell lines. For CHD3, CHD4, and CHD9 we observed 3 recurrently mutated positions at R540fs del 16, R975H, and F760fs del 16.
Discussion
Remodeling of the epigenome is fundamental to colorectal cancer progression. One of the most common epigenetic phenomena altered throughout carcinogenesis is the DNA methylation landscape. Here, we aimed to better understand the extent and heterogeneity of aberrant DNA methylation in colorectal cancers, and characterize the interplay between DNA methylation, somatic variation in epigenetic regulator genes, and gene transcription. Through the genome-scale interrogation of the largest unselected and consecutive series of colorectal cancers to date, we identified 5 clinically and molecularly distinct DNA methylation subtypes. The 5 subtypes identified in this study are highly correlated with key clinical and molecular features, including patient age, tumor location, microsatellite instability, and oncogenic mitogen-activated protein kinase mutations. We show that cancers with high DNA methylation show an increased preponderance for mutating genes involved in epigenetic regulation, and namely those that are implicated in the chromatin remodeling process.
Hinoue et al 6 previously reported the presence of 4 colorectal cancer methylation subgroups by assessing 125 colorectal cancers using Illumina 27K DNA methylation arrays. In the present study, we have considerably increased the power to assess subgroups based on differential methylation by studying 216 unselected cancers using the Illumina 450K DNA methylation platform. The Illumina 450K DNA methylation platform is capable of assessing more than 10 times more CpG sites and thus can identify methylation subtypes more robustly. A major difference of our study was the identification of 2 discrete CIMP-high subtypes: CIMP-H1 and CIMP-H2. The dichotomization of these CIMP-H cancers identified a homogeneous subgroup of CIMP-H1 cancers with an average age of 75 years, striking over-representation of female sex, and BRAF mutant cancers arising in the proximal colon. The newly identified CIMP-H2 subtype encompasses more KRAS mutant cancers than CIMP-H1, and the majority of cancers in this subtype would be CIMP-low using the 5-marker CIMP panel proposed by Weisenberger et al. 3 Our genome-scale analyses of both our cohort and the TCGA indicate this is not the case. Together, our CIMP-H1/H2 clusters represent 21% of our unselected cohort, and 16.3% of the TCGA cohort. Collectively, the current findings indicate that CIMP is more prevalent than previously thought, and classification of cancers using existing panels may not identify all CIMP-high colorectal cancers.
We observed a consistent increase in patient age with CIMP cluster, from 62 years in CIMP-neg cancers to 75 years in CIMP-H1 cancers. This is in contrast to the Hinoue et al 6 study. The variance in our assay was mostly contained in uniquely mapping probes that were not present in the Illumina HumanMethylation27 BeadChip array used by Hinoue et al. 6 Numerous studies have shown age-related methylation in different tissues 9, 28, 29 and we previously identified hypermethylated loci in the colons of patients even with no history of colonic disease. 9 In the present study, we detected a significant correlation between methylation and patient age. After removal of all probes that were significantly hypermethylated in normal mucosal tissue, we still observed distinct, age-linked clustering. This association was faithfully reproduced in cancers from TCGA.
The subtype with the highest degree of methylation (CIMP-H1) was strongly associated with mutations in the BRAF oncogene. BRAF mutations are a hallmark of the serrated neoplasia pathway, and indicate that these cancers probably arose in serrated precursor lesions. We previously showed that the colonoscopic incidence of sessile serrated adenomas does not differ between patients aged in their 30s and patients who are much older, whereas BRAF mutant cancers were restricted to older individuals, 30 suggesting these BRAF mutant polyps may have limited malignant potential in young patients. We also reported a striking association between patient age and CIMP in sessile serrated adenomas. 31 Here, we report that the vast majority of BRAF mutant cancers in both the RBWH and TCGA cohorts are CIMP-H and arise in older individuals. Collectively, these findings suggest that sessile serrated adenomas may be relatively benign in young patients. In older patients with more advanced DNA methylation changes in the colon, the risk of progression to cancer will be significantly greater. Recently, we recapitulated this process in a murine model for serrated neoplasia and showed that early onset Braf mutation leads to the temporal accumulation of DNA methylation and ultimately to malignancy. 32 Additional studies are necessary to fully determine the natural history of BRAF mutant cancers, and elucidate the determinants of malignant potential to inform the development of patientcentric surveillance for young and older patients who present with sessile serrated adenomas.
Differential CpG island and shore hypermethylation were the most frequently observed methylation events in the study. Probes on the north and south CpG shelves, as well as those in the open seas, frequently were hypomethylated across most cancers. The implications of hypomethylated CpG dinucleotides outside of CpG islands are unclear. We did not observe any relationship between hypomethylation and gene transcription, however, it is possible that hypomethylation of specific regions of the genome may affect chromatin accessibility elsewhere and hence may modulate transcription in a trans-acting manner. Open sea hypomethylation was also the most frequent methylation event in CIMP-neg cancers. These are predominately conventional pathway cancers with a high degree of chromosomal instability. One hypothesis that may explain this association is that hypomethylation outside of CpG islands may predispose to copy number changes in these cancers. 33, 34 Functional studies are necessary to explore the implications of shelf and open sea hypomethylation and whether this is relevant to the cancer development process for these cancers.
There were marked differences in transcriptional deregulation of key cancer-related pathways between methylation clusters. CIMP-H1 cancers activated several immune pathways, including those involved in the interferon response, inflammatory response, and complement signaling, consistent with the over-representation of CMS1 cancers in this group. This likely is owing to the higher mutational burden in these cancers, largely driven by the increased incidence of epigenetically induced microsatellite instability. MSI cancers have been associated with greater immune infiltrate and hence some of this signaling may originate in the stromal immune cells, rather than from within the tumor itself. 35 In the RBWH cohort, CIMP-H2 cancers were uniquely enriched for altered bile acid metabolism, consistent with the previously described relationship between silencing of the farnesoid X bile acid receptor in KRAS mutant cancers. 36 Bile acids are more concentrated in the proximal colon and metabolism is influenced by the gut microbiome. 37 The increased bile acid metabolism signaling in this group of cancers may identify a subset of cancers that have arisen owing to aberrant bile acid accumulation. We did not observe such an effect in the TCGA cohort. This may be owing to the increased frequency of BRAF mutant MSI cancers in CIMP-H2 in TCGA. A better understanding of the role of bile acid signaling in KRAS mutant cancers of the proximal colon may have therapeutic implications for this cancer subgroup.
Paradoxically, despite observing less differential methylation, we observed an increase in gene silencing that correlated with promoter hypermethylation in the least methylated cancer clusters. This may indicate that promoter hypermethylation in CIMP-L1/2 and CIMP-neg cancers is more specifically selected based on a functional advantage in these cancers. Alternatively, the increased frequency of mutations in epigenetic regulators of CIMP-H1/2 cancers may result in a reduced capacity to induce gene repression at certain loci. This may be owing to the loss of a repressive histone-modifying enzyme, or mutation of locus-specific repressive transcription factors. Methylation alone may be insufficient to induce gene repression in certain instances. Instead, relevant chromatin remodeling and histone modifications, such as the addition of the repressive PRC2 mark, may be required in tandem with methylation changes to reduce gene expression. Indeed, we showed that PRC2 occupancy was most frequently related to transcriptionally repressed and methylated genes in the CIMP-neg subgroup. We also observed instances of promoter methylation that correlated with increased gene transcription. It is possible that some transcription factors preferentially bind methylated DNA, 38 and that binding sites for these transcription factors become available after promoter methylation. These data may indicate that the genomic context of methylation is important for determining whether gene expression changes will occur. In TCGA, however, we were unable to discern any significant differences in the proportion of methylated and repressed genes vs all methylated genes between CIMP subtypes. This may be owing to technological differences between the array-based methods used to evaluate gene transcription in the current study and the RNA sequencing-based methods used in TCGA. Direct comparisons between the expression values derived from each of these studies is difficult and should be approached with caution.
A major novel finding of the current study was the discovery that gene body methylation may be a major driver of serrated tumorigenesis, and that this may be mediated by H3K27me3 histone marks. Gene body hypermethylation recently was correlated with increased oncogene expression. 22 Here, we identified many well-characterized oncogenes, such as BCL2 and ZEB1, with methylation of their gene bodies in CIMP-H1/2 cancers, and noted a significant preference for the methylation of gene bodies of oncogenes compared with tumor-suppressor genes. We also identified Wnt pathway antagonists that are resistant to gene body methylation. In the present study, we did not identify distinct transcriptional differences in these Wnt pathway antagonists. It is possible that gene body methylation affects other aspects of the transcriptional process that were not assessed in this study, such as splicing and isoform switching. Alternatively, this gene body methylation may be a stochastic result of the overall increase in aberrant DNA methylation in these cancers.
The epigenome is regulated by proteins that interact with histones or DNA. We assessed the coding sequence of 719 epigenetic regulator genes in the TCGA data set. The chromodomain-helicase-DNA (CHD) binding protein family was a frequent mutational target in CIMP-H1 cancers. Recently, Fang et al 39 showed that CHD8 operates in a transcriptional repression complex to direct methylation in the setting of BRAF mutation. In the current study we showed BRAF and CHD8 mutations were associated with CIMP-H1. Thus, these data suggest that CHD8 mutation may enhance repression complex activity in the setting of BRAF mutation, resulting in hypermethylation. Moreover, CHD8 has been associated with the CCCTC-binding factor (CTCF) protein, which is essential for promoter-enhancer looping and regional insulation. CHD8 mutations may influence CIMP by decreasing the ability of CTCF to insulate regions of the genome, and could encourage methylation spreading throughout the genome. 40 Similarly, we report frequent mutations in different members of the CHD family. CHD7 was the most mutated CHD gene, and some positions in the CHD7 locus were recurrently mutated. Tahara et al 41 identified mutations in CHD7 and CHD8 in 42% of CIMP1 colorectal cancers. The functional consequences of CHD7 mutations are unclear. In pancreatic duct adenocarcinoma, CHD7 expression has been shown to correlate with gemcitabine sensitivity. 42 The most commonly mutated CHD gene in CIMP-L1 cancers was CHD4. Recently, Xia et al 43 in 2017 proposed an oncogenic role for CHD4 through facilitating the hypermethylation of tumor-suppressor genes. In contrast, Li et al 44 in 2018 showed that CHD4 mutations that promote protein degradation enhance stemness and contribute to the progression of endometrial cancers via the transforming growth factor-b signaling cascade. Indeed, we identified 3 mutations at the R975H hotspot of CHD4 that were studied by Li et al 44 and a number of other mutations that were predicted to be damaging. It is not possible to conclude from our data whether these mutations promote the hypermethylation proposed by Xia et al, 43 and therefore support the oncogenic role of the protein or whether the enhanced protein degradation and increased stemness proposed by Li et al 44 is the predominant purpose of these mutations.
Chromatin remodeling is an essential process whereby condensed euchromatin is modified in a context-specific manner to give rise to regions of heterochromatin that can be actively transcribed. Chromatin remodeling is driven by a series of complexes that are able to enzymatically catalyze reactions that modify histone tails and, in turn, modulate the accessibility of the chromatin. In mammalian cells, 5 key chromatin-modifying complexes predominate, the CHD binding complex, the INO80 complex, the SWI/SNF complex, Imitation SWItch (ISWI) complex, and the NuRD complex. 45 Here, we have examined the frequency of mutations in the SWI/SNF complex, which has been shown previously to be perturbed in various cancers. Interestingly, half of CIMP-H1 and more than 25% of CIMP-H2 and CIMP-L1 cancers harbored somatic mutations in SWI/SNF members that were predicted to be deleterious. We hypothesized that mutation of 1 member of the subunit would increase the reliance of the cancer on other otherwise redundant subunits. To test this hypothesis we used public colorectal cancer cell line dependency data in conjunction with mutational data, and identified a strong dependency conferred upon ARID1B after genetic perturbation of ARID1A. These data support the investigation of SWI/SNF inhibitors to exploit synthetic lethality presented by SWI/ SNF mutations in CIMP-L1 cancers. Although we have shown associations between genomic methylation and SWI/ SNF mutations, and between mutations of SWI/SNF members and synthetic lethality, functional causation is difficult to infer from our study. Collectively, these data indicate a need for further functional experiments to elucidate the role of these mutations in the carcinogenic process of CIMP-H1, CIMP-H2, and CIMP-L1 cancers, and to determine whether the potential synthetic lethalities they create can be exploited.
We leveraged the publicly available DNA methylation data from the TCGA project to validate findings in our consecutive cohort. Key findings, including relationships between CIMP subtype and age, proximal location, BRAF mutation, and KRAS mutation also were identified in an analysis of the TCGA data. In our unselected and consecutively collected series we observed a strong relationship between the BRAF mutation and CIMP-H1 and the KRAS mutation and CIMP-H2. Although BRAF was still enriched in the TCGA CIMP-H1 cancers, and KRAS among the CIMP-H2 cancers, we observed a higher proportion of BRAF mutant CIMP-H2 cancers in the TCGA cohort. The increased proportion of BRAF mutant/CIMP-H2 cancers skewed these cancers toward a preference for microsatellite instability, and the CMS1 subtype. It is notable that more than 40% of CIMP-H2 cancers in the validation cohort are KRAS mutant, and, of these, the majority are microsatellite stable and follow similar CMS patterns to that observed in our consecutive series. The discrepancies observed between the 2 cohorts may be owing to structural differences in each cohort. The mean age of patients in our study was 3.4 years older than those in the TCGA cohort. Cancers were identified most often in the distal colon of the patient, as is typical for colorectal cancers, 46 however, in contrast, the TCGA consisted of a marked over-representation of proximal cancers (47.7%).
It is important to recognize the limitations of our study. First, our samples were collected in a consecutive manner in which there was sufficient sample available for DNA and RNA analyses. This excluded very small cancers and those in patients in whom surgery was not possible. This presents a slight bias, however, this is standard practice and unavoidable in studies of this nature. As technologies improve and analyses are possible on smaller amounts of tissue it will be important to replicate the key findings of this study. Moreover, because we collected fresh tissue we were not able to make any assessments of tumor purity. One alternative would have been to perform analyses on formalin-fixed, paraffin-embedded samples, in which we could perform accurate histologic assessments of the purity of the samples. Although the Illumina HM450 platform and newer platforms such as the EPIC arrays are amenable to formalin-fixed, paraffin-embedded-derived DNA, co-extraction of highquality RNA from formalin-fixed, paraffin-embedded remains challenging. We note that the findings of this study are largely correlative and as such we cannot draw causation from our data. In depth, mechanistic follow-up evaluation is necessary to fully examine many of the key associations we have identified in the present study.
Another limitation of our study was the use of normal mucosal samples from patients with cancer. Field DNA methylation defects have been reported in colorectal cancer. 47 Thus, we cannot exclude the possibility that field DNA defects impacted our analysis. In the current study, we performed all analyses on bulk tissue samples. As such, we have collected the DNA methylome and transcript profile of an aggregate of cells that includes epithelial cells, immune cells, and stromal cells. The interplay between these cell types is crucial and it is important to note that some of the expression and methylation differences observed here may be driven by any of the cells in the bulk cell sample.
Conclusions
The past decade has heralded an era in which the importance of the cancer epigenome increasingly is recognized, in which treatments targeting different epigenetic modifications are entering the clinic and improving patient outcomes. Although early strategies targeting epigenetic modifications in colorectal cancers largely have proved ineffective, it has become apparent that a comprehensive understanding of the epigenetic drivers of cancer will be crucial in the rational design of clinical trials and the development of precision medicine strategies. Here, we have identified 5 clinically and molecularly distinct subgroups based on a comprehensive assessment of a large, unselected series of colorectal cancer methylomes. We have validated these subtypes in an additional cohort of 374 cancers from TCGA. In contrast to earlier studies, we identified 2 clinically and molecularly distinct CIMP-H clusters. We observed a striking association between genomic methylation and age, which further supports the investigation of the epigenetic clock in serrated neoplasia risk. We identified an association between gene body methylation CIMP-H cancers, which may be mediated by H3K27me3 histone marks. Our interrogation of the coding regions of epigenetic regulatory genes shows that they frequently are mutated in colorectal cancers and this may be partially influenced by the degree of genomic methylation. Our analyses have identified potentially druggable vulnerabilities in cancers of different methylation subtypes. Inhibitors targeting synthetic lethalities, such as SWI/SNF component inhibitors for those with ARID mutations, should be evaluated because these agents may be clinically beneficial to certain patient subsets. 
Methods
Patient Samples
DNA and Messenger RNA Extractions
DNA and messenger RNA (mRNA) were extracted simultaneously from approximately 30 mg of homogenized tissue using the AllPrep DNA/RNA Kit (QIAGEN, Hilden, Germany) in accordance with the manufacturer's protocols. Double-stranded DNA concentration was assessed using the PicoGreen quantitation assay (Thermofisher Scientific, Waltham, MA). mRNA quality was measured using the Bioanalyzer 2100 platform (Agilent, Santa Clara, CA). Microarray analysis was performed on samples with a RNA integrity number greater than 7.
Molecular Characterization of Cancer Samples
Cancer sample DNA was analyzed for the BRAF V600E mutation using allelic discrimination as previously reported. 48 In addition, we assayed mutations in KRAS codons 12 and 13, and TP53 exons 4 to 8 using previously reported methods. 49, 50 We assessed CIMP status by methylationspecific polymerase chain reaction using the 5-marker panel (CACNA1G, IGF2, NEUROG1, RUNX1, and SOCS1) proposed by Weisenberger et al. 3 Samples were considered CIMP-high if 3 or more markers were methylated, CIMP-low if 1 or 2 markers were methylated, and CIMP-negative if no markers were methylated. MSI was assessed using the criteria of Nagasaka et al 51 in which instability in 1 or more mononucleotide markers, and 1 or more additional nonmononucleotide markers, using the marker set reported by Boland et al, 52 was indicative of MSI, the remainder being microsatellite stable. LINE1 methylation was assessed using pyrosequencing as per Irahara et al. 53 CIMP-high cancers that were both KRAS and BRAF wild-type at hotspot codons were Sanger sequenced for BRAF exons 11 and 15 (exon 11, forward: 5'-TTCCTGTATCCCTCTCAGGCA-3', reverse: 5'-AAAGGGGAATTCCTCCAGGTT-3'; exon 15, forward 5'-GGAA AGCATCTCACCTCATCCT-3', reverse 5'-TAGAAAGTCATTGAA GGTCTCAACT-3'), KRAS codon 61 (forward: 5'-TCCAGACTG TGTTTCTCCCTTC-3', reverse: 5'-TGAGATGGTGTCACTTTAA CAGT-3'), and EGFR exon 18 (forward: 5'-ATGTCTGGCA CTGCTTTCCA-3', reverse: 5'-ATTGACCTTGCCATGGGGTG-3').
DNA Methylation Microarray
Genome-scale DNA methylation was measured using the HumanMethylation450 BeadChip array (Illumina). The BeadChip array interrogates cytosine methylation at more than 480,000 CpG sites. A total of 500 ng DNA was bisulfiteconverted using the EZ-96 DNA Methylation Kit (Zymo Research, Irvine, CA) per the manufacturer's protocol. Whole-genome amplification and enzymatic fragmentation was performed on post-treatment DNA, which subsequently was hybridized to the array at 48 C for 16 hours. Arrays were scanned using the iScan System (Illumina).
Gene Expression Microarray
Gene expression levels for more than 47,000 transcripts were measured for all samples using the HumanHT-12 v3 Expression BeadChip array (Illumina). Total mRNA (500 ng) was reverse-transcribed, amplified, and biotinylated using the TotalPrep-96 RNA Amplification Kit (Illumina). The labeled complementary RNA (750 ng) was hybridized to the array followed by washing, blocking, and staining with streptavidin-Cy3. Arrays were scanned on the iScan System and the data were extracted using GenomeStudio Software (Illumina).
Data Analysis
Methylation microarray data were checked for quality against parameters provided by Illumina using the GenomeStudio Software package. IDAT files were read into the R environment using Limma. 54 We used subset-withinarray normalization to correct for biases resulting from type 1 and type 2 probes on the array. We used the BEclear R package to assess for probe-level batch effects and excluded probes that were significantly batch-affected (n ¼ 1072) from downstream analysis. We filtered probes that had a detection of P > .05 in more than 50% of samples, as well as probes that were on the X or Y chromosome, where the CpG site was within 10 bp of a single-nucleotide polymorphism, or where a probe mapped to the genome ambiguously. At the conclusion of filtering, 377,612 probes remained and were used for subsequent analyses.
The RPMM clustering method 55 was used for unsupervised clustering. To capture cancer-specific methylation we followed the methods used based on TCGA. 56 DNA methylation drift with age has been characterized in a number of different normal and cancerous tissues. 10 To limit confounding from methylation that occurs through age, probes with a mean b value greater than 0.3 in normal samples were excluded from clustering analysis. A total of 144,542 probes were unmethylated (mean b value, <0.3) in normal mucosa, of these the 5000 probes with the greatest variance in tumor samples were selected for clustering. The RPMM clustering method is particularly suited to analysis of methylation data generated from the HumanMethylation450 array because output b values are between 0 and 1, and can be modeled using a b-like distribution. 55 We accessed level 1 DNA methylation data from the TCGA project and performed an identical analysis as mentioned earlier for validation.
For motif analysis, the CentriMo tool was used. 21 CentriMo identifies over-represented motifs within sequences, correlating these with known DNA protein-binding motifs. 1 -b] ). For differential methylation analysis vs the subset of normal mucosal samples, a probe was considered to be differentially methylated in a comparison if the Benjamini-Hochberg 57 adjusted P value for the comparison was less than 0.05 and had an average absolute Db ! 0.2 vs normal mucosal samples. For examination of methylation in oncogenes and tumor-suppressor genes we consulted the NCG6.0 cancer gene database. 23 For these analyses we included only cancer genes that were annotated in NCG6.0 without ambiguity (were not annotated as both tumor-suppressor genes and oncogenes) and those that we probed on the array.
Expression data were preprocessed and normalized using quantile normalization with the Limma R package. For between-group comparisons the empiric Bayes function was used, and adjusted for multiple testing using the Benjamini-Hochberg 57 method to control for FDR and avoid type 1 errors. We examined gene expression in the TCGA by accessing level 3 expression data in Fragments Per Kilobase of transcript per Million reads (FPKM) format from Genome Data Commons. 58 We used Limma to perform a voom transformation to correct for heteroscedasticity and examine differential expression against normal colonic mucosal samples using the same methods as used in the consecutive series. We considered 0.05 to be the FDR threshold for significance. For integrated expression and methylation data analysis, genes were considered to be methylated if 1 probe within 2 kb upstream of the gene transcription start site was methylated differentially by FDR and had an average Db ! 0.2 at that site. If a gene met this criterion, and had a significant FDR corrected P value for the cancer vs normal expression value, it was predicted to be influenced by methylation. Single-sample gene-set enrichment analysis was used for between-groups comparisons of transcriptomes. 18 We used the CIBERSORT algorithm to compute the relative proportion of stromal cells within each subtype. 17 The CMS classifier package was used to classify cancers into CMS as previously reported. 8 To examine the mutational frequency of epigenetic regulators, level 3 somatic variant data were downloaded from the Genome Data Commons portal. Silent variants were discarded and variants in epigenetic regulator genes present in the EpiFactors database extracted for further analyses. We assessed the potential pathogenicity of missense mutations using the PolyPhen2 tool. 59 PolyPhen2 predicts functional effects of missense mutations by examining how evolutionarily conserved the affected residue is, and computes the likelihood that the event will induce a structural change. Only variants that were predicted to be probably or possibly damaging were retained. Variants predicted to be benign were not included as part of these analyses
PRC2 and Methylation Overlap Analysis
Polycomb occupancy was inferred from SUZ12 Chromatin Immunoprecipitation (ChIP) sequencing data from hESC1 cells analyzed as part of the Encyclopedia of DNA Elements (ENCODE) ENCODE consortium. 60 SUZ12 was chosen as a surrogate for PRC2 occupancy because previous studies have indicated that it is an essential subunit of the PRC2 complex. 20, 61 The overlap function within BedTools 62 was used to overlap differentially methylated probes within each cluster vs normal with regions where SUZ12 was bound in hESC1 cells, producing a list of regions where methylation and PRC2 occupancy co-occurred.
Synthetic Lethality Analysis
Cell line dependency data from Meyers et al 27 was correlated with colorectal cancer cell line mutation data. 26 Synthetic lethal relationships were inferred if a high-impact mutation (truncating mutations or those in splice sites) occurred in 1 subunit of a molecular complex, and the cell line had relatively higher dependence values on other subunits when compared with cell lines that lacked a mutation. Cell lines were grouped as having a mutation in a specific gene and those not having a mutation, and a Student t test was performed on dependence values in every other subunit within the complex.
Statistical Analysis
For statistical analyses a combination of different types of software were used, including R and GraphPad Prism 7 (GraphPad Software, San Diego, CA). The Fisher exact test was used for hypothesis testing on 2 Â 2 contingencies. The Pearson chi-squared test was used to compare contingencies larger than 2 Â 2. The Student t test or the Wilcoxon rank-sum test was used to compare continuous variables where appropriate. One-way analysis of variance was used for continuous variable comparisons with more than 2 groups.
